[1] Cloud responses to changes in aerosol remain a dominant uncertainty in the radiative forcing of climate. Two main constructs related to aerosol effects on clouds have been postulated: (i) the ''albedo effect'' whereby anthropogenic aerosol results in increased droplet concentrations that generate increases in cloud albedo, all else (particularly cloud water) being equal; (ii) the ''lifetime effect'' whereby anthropogenic aerosol suppresses precipitation and results in clouds with more liquid water, higher fractional cloudiness, and longer lifetimes. Based on new observations presented here, and supported by previous fine-scale modeling studies, we suggest that the balance of evidence shows that non-precipitating cumulus clouds can experience an evaporation-entrainment feedback, and respond to aerosol perturbations in a manner inconsistent with the traditional ''lifetime effect.'' Because most cumulus clouds evaporate without producing significant precipitation, this is particularly relevant to estimates of aerosol indirect effects on climate.
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Introduction
[2] Small, non-or weakly-precipitating cumulus clouds have been shown to be important to climate. They are globally prevalent over ocean ($15%) and land ($25%) [Norris, 1998] , are more numerous than large clouds, and also contribute significantly to cloud fraction and reflectance. One recent study found that 15% to 50% of the reflectance from cumulus derives from clouds with areas below 1 km 2 [Koren et al., 2008] . Improving our understanding of small cumulus also is crucial to global climate models, as climate sensitivity (i.e., the global-mean temperature response to a given radiative forcing) in such models is strongly dependent on their representation of shallow convective clouds [Bony and Dufresne, 2005; Medeiros et al., 2008] . Understanding impacts on climate sensitivity that derive from the interaction between aerosol and clouds is therefore of great importance.
[3] It has long been suggested that aerosol suppresses precipitation in warm (ice-free) boundary layer clouds [Warner, 1968; Albrecht, 1989] . Specifically, an increase in drop concentration N d results in less drop coalescence, less precipitation, and therefore increased liquid water path LWP, cloud fraction f c , higher albedo and possibly increased cloud lifetime [Albrecht, 1989] . These responses are collectively referred to as the ''lifetime effect.'' In recent years this hypothesis has come under scrutiny as high resolution models [Wang et al., 2003; Ackerman et al., 2004; Xue and Feingold, 2006; have revealed responses that are incongruent with this simple construct, and as observational evidence from satellite remote sensing has yielded results that both support [Kaufman et al., 2005] and refute [Matsui et al., 2006] this hypothesis. Here, we use in situ observations of small, non-precipitating cumulus clouds to examine their response to aerosol perturbations and shed light on the ''lifetime effect.''
[4] High resolution models have shown that the components of the ''lifetime effect'' do not necessarily act in unison Xue and Feingold, 2006; Xue et al., 2008] : (i) LWP may increase or decrease with increasing aerosol depending on meteorological conditions; (ii) f c may increase or decrease with increasing aerosol depending on meteorological conditions; (iii) the response of mean cloud lifetime (defined as the mean time from birth to demise of individual clouds) to aerosol perturbations is uncertain. Based on these studies, it has been proposed that there exist two distinct regimes: a precipitating regime where aerosol perturbations suppress precipitation, and increase LWP and f c (consistent with Albrecht [1989] and Ackerman et al. [2004] ), and a non-precipitating regime where aerosol perturbations result in enhanced entrainment of subsaturated ambient air, primarily as a result of enhanced evaporation rate of smaller droplets, leading to lower f c . This study addresses the latter regime. It differs from the ''semi-direct effect'' which relies on absorbing aerosol to reduce cloudiness. Absorbing aerosol effects are not considered, but could potentially act in unison with the evaporation effects discussed here.
[5] An actively growing cumulus cloud consists of a positively buoyant updraft core surrounded by a shell of negatively buoyant air driven by entrainment and evaporative cooling [Blyth et al., 1988; Rodts et al., 2003; Heus and Jonker, 2008] , as illustrated in Figure 1 . The idea raised by , and to be explored here, is that aerosol perturbations result in smaller droplets that have shorter evaporation time scales. The enhanced evaporation rate intensifies the local cooling, generates stronger negative buoyancy around the periphery of the cloud, and therefore produces a cloud with a stronger horizontal buoyancy gradient B may be expected as a result of this feedback, depending on the thermodynamic environment in which the clouds evolve .
[6] In order for B 0 x to change in response to a change in aerosol requires that the imprint of entrainment mixing and resulting cloud drop evaporation be sensitive to the cloud drop size distribution. Studies have shown that this process depends on the ratio of t evap to t mix , respectively the time scale for single cloud drop evaporation and the time scale for entrainment mixing [e.g., Jeffery and Reisner, 2006] . If these time scales are of similar magnitude, then there exists the potential for an aerosol effect on evaporation and, consequently, entrainment mixing. Some observational studies support the notion that t evap ffi t mix [Burnet and Brenguier, 2007; Jensen et al., 1985; Hill and Choularton, 1985; Paluch, 1986] , and others that t evap ( t mix [Jensen and Baker, 1989; Paluch and Baumgardner, 1989] . It has also been shown that both regimes may exist during the cloud lifecycle [Siebert et al., 2006] . This remains an open question and an area of active debate. See the online auxiliary material for further discussion of this issue. Figure 1 , we analyze data from non-precipitating clouds on six days: three particularly clean days (Aug. 22, 26, and Sept. 11) and three highly polluted days (Sept. 7, 8, and 15) based on a passive cavity aerosol spectrometer probe (PCASP). Clean days have leg-mean accumulation mode aerosol concentrations (N acc , representing particles with a diameter between 0.1 and 2.6 mm) < 600 cm
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. Measurements from two condensation particle counters, measuring aerosol number concentration (N a > 3 nm and N a > 10 nm dry, respectively) are also used for confirmation of aerosol regimes. See the online auxiliary material for more details regarding the measurements and analyses.
[9] Central to the hypothesis outlined in Figure 1 is that polluted clouds exhibit stronger B 0 x than cleaner clouds. Figure 2 shows mean in-cloud vertical profiles of positive and negative buoyancy perturbations (q 0 v ) separately for clean and polluted days. The profiles have been normalized so that cloud base = 0 and cloud top = 1 (see online auxiliary material for details). Note that in all figures, solid symbols (open symbols) represent differences between clean and polluted days that are (are not) statistically significant at the 95% level. Figure 2 shows that we observe polluted clouds to be, at most altitudes, more negatively buoyant and, overall, to have stronger horizontal q At the edges of polluted clouds, evaporation is more rapid than in clean clouds, resulting in larger negative q 0 v and hence stronger horizontal buoyancy gradients. This in turn results in stronger vortical circulation in polluted clouds which leads to higher entrainment rates, thereby increasing evaporation and thus completing the feedback mechanism. We note that other positive and negative feedbacks within the cloud may dampen or amplify the feedback depicted here. tically significant differences in B 0 x cluster at mid-cloud and near cloud top where entrainment is known to be more prevalent [Warner, 1955; Lu et al., 2008] .
[10] If Figure 2 is valid, then we would expect decreases in LWC and drop size to accompany increased entrainment. Figure 3 shows vertical profiles of LWC normalized by the adiabatic value. The differences in the mid-cloud and cloud top regions are generally consistent with the expected response, including their tendency to decrease with increasing height in cloud. The differences in the vertical profiles of the median drop-diameter D 50 are large and statistically significant at 12 levels from near cloud base to cloud top, which is consistent with our classification of clean and polluted days. The response of N d is not very clear. Close to cloud base (normalized height less than 0.3), mean N d tends to be either close to the same or larger in polluted clouds, weakly supporting our ''clean'' and ''polluted'' classifications. Moreover, updraft-mean N d near cloud base is distinctly higher on the polluted days [Lu et al., 2008] . At higher levels, no clear trend is seen, which we attribute to the fact that in polluted clouds the expected higher N d is counteracted by increased evaporation. The balance between activation and evaporation/entrainment leads to a complex response of N d to aerosol.
[11] Could the stronger B 0 x on polluted days be attributable to differences in the environmental RH? Analysis of horizontal legs between clouds shows (see Table S2 in the online auxiliary material) that the polluted clouds grow in an environment that is similar in RH to that of the clean clouds. The cloud top environment even tends to be moister in the case of the polluted clouds. This could be at least partially due to moistening associated with more efficient evaporation, which then acts to slow evaporation. Regardless, we find no evidence for the enhanced B 0 x being linked to drier environmental air on polluted days.
[12] Could the stronger B 0 x on polluted days be attributable to differences in dynamical forcing? We find that subcloud vertical velocities w are not statistically different between clean and polluted days (not shown), implying that the observed clean and polluted clouds experience similar dynamical forcings. Profiles of mean in-cloud w (Figure 3d ) also show that clean and polluted days do not exhibit statistically significant in-cloud differences in w at almost all levels. Model results show a very weak increase in cloud turbulence with increasing aerosol -a signal that is unlikely to be detectable in the observations, considering the short sample durations and the natural dynamical variability of cumulus clouds.
[13] The observational evidence therefore supports the hypothesis that the B 0 x differences derive from aerosol differences rather than differences in environmental RH or dynamical forcing, in agreement with our previous small-scale modeling studies. This model/observational consistency is unlikely to be chance given that the results are derived independently, using different tools, with different biases, assumptions and uncertainties. The liquid water decrease (Figure 3b ) is also broadly consistent with our models, but with some discrepancies: the models suggest that this decrease is expressed as a reduction in cloud size and fraction, whereas the observations presented here imply that the decrease is associated with diluted clouds and no change in cloud size.
Summary and Discussion
[14] Results presented here suggest that when small, nonprecipitating cumulus experience aerosol perturbations, they respond in a manner consistent with enhanced evaporation around the shell of the small cumulus cloud and a stronger horizontal buoyancy gradient. This has been shown to result in stronger vorticity around the core of the cloud and stronger entrainment , constituting an ''evaporation-entrainment feedback''. This response is inconsistent with the simplistic ''lifetime effect'' construct since it results in decreases in cloud fraction and liquid water in response to aerosol perturbations that would offset the ''albedo effect'' [Zuidema et al., 2008] .
[15] By not accounting for the proposed evaporationentrainment feedback, global climate models are likely to bias estimates of aerosol radiative forcing towards larger negative values. One might be tempted to conclude that non-precipitating cumulus will exhibit lower cloud water, cloud fractions, and lifetimes in response to anthropogenic aerosol perturbations. However, evidence from modeling suggests that factors such as the environmental relative humidity [Ackerman et al., 2004; , temperature, and vertical shear are likely to be important controlling factors. Simply assuming that the ''lifetime effect'' has the opposite sense in these small clouds is therefore unwise.
[16] It is well-established that most clouds evaporate without precipitating [Pidwirny and Kundell, 2008] , and that the hydrological cycle will respond to greenhouse warming by increasing the frequency of heavy rainfall and drought events, with a concomitant decrease in the frequency of light precipitation [Meehl et al., 2007; Allan and Soden, 2008] . It is therefore of interest to speculate on the role of aerosol in such a modified hydrological cycle. The evaporation-entrainment feedback is not expected to affect significantly the heavy precipitation regime, whereas clouds in the potentially more prevalent non-precipitating regime may be strongly susceptible to this feedback, which would result in reduced cloudiness. This feedback may also shift marginally-precipitating clouds to the non-precipitating regime, further intensifying the extremes of rainfall and drought.
[17] Dynamical feedbacks associated with anthropogenic aerosol perturbations on clouds may generate important and unexpected responses on a range of temporal and spatial scales [Wood, 2007] that must be explored before the full implications of aerosol-cloud interactions can be understood. Thus, the challenge of incorporating these effects in climate models is daunting. Further systematic study of small clouds and their response to aerosol at appropriate temporal and spatial scales is fundamental to progress in understanding climate change. 
